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Abstract
Atomic and atom-like defects in the solid-state are widely explored for quantum computers, networks and
sensors. Rare earth ions are an attractive class of atomic defects that feature narrow spin and optical transitions
that are isolated from the host crystal, allowing incorporation into a wide range of materials. However, the
realization of long electronic spin coherence times is hampered by magnetic noise from abundant nuclear spins in
the most widely studied host crystals. Here, we demonstrate that Er3+ ions can be introduced via ion implantation
into TiO2, a host crystal that has not been studied extensively for rare earth ions and has a low natural abundance
of nuclear spins. We observe efficient incorporation of the implanted Er3+into the Ti4+site (40% yield), and
measure narrow inhomogeneous spin and optical linewidths (20 and 460 MHz, respectively) that are comparable
to bulk-doped crystalline hosts for Er3+. This work demonstrates that ion implantation is a viable path to
studying rare earth ions in new hosts, and is a significant step towards realizing individually addressed rare earth
ions with long spin coherence times for quantum technologies.
Rare earth ion impurities in crystalline hosts are a promising platform for quantum technologies, combining
narrow, stable optical transitions with isolated electronic or nuclear spins. Crystals doped with ensembles of rare
earth ions (REIs) have been used to demonstrate a variety of quantum memory protocols for quantum networks [1],
demonstrating coherence times of hours [2], light-matter entanglement [3] and quantum state teleportation [4].
Recent work has focused on individually addressed REIs [5, 6, 7], and has made significant steps towards spin-
photon entanglement with single ions, including the demonstration of radiatively broadened optical transitions [8]
and single-shot spin readout [9, 10] in optical nanocavities. Other efforts have focused on quantum transduction
from microwave to optical frequencies [11, 12, 13]. Among several widely studied REIs, erbium is particularly well
suited to many of these tasks, as its telecom-wavelength optical transition enables low-loss propagation in optical
fibers and integration with silicon nanophotonics [14].
There are several materials challenges to future development of REI-based quantum technologies. First, abundant
nuclear spins in the host crystal limit REI electronic spin coherence times, despite work on several mitigation strategies
including using clock states in hyperfine isotopes [15, 16] or electronic states with small magnetic moments [17]. The
vast majority of studied hosts for REIs involve at least one element with no stable spin-0 nuclear isotopes, including
all yttrium-based hosts [e.g. Y2SiO5 (YSO), Y3Al5O12 (YAG), YLiF4 and Y2O3], as well as alkali halides and
lithium niobate (a notable exception is CaWO4 [18]). Second, it is difficult to isolate single REIs in the well-studied
yttrium-based materials, because they are typically contaminated with ppm-level concentrations of all rare earth
elements [19, 14]. Finally, the incorporation of REIs into crystalline hosts typically involves bulk doping during
growth, which precludes controllable positioning and the isolation of individual defects.
Ion implantation is an established route to controllably introducing small numbers of defects into a wide range of
host materials, and in the context of quantum emitters has found recent application creating isolated color centers
in diamond [20, 21, 22, 23]. However, ion implantation has not been extensively studied in the context of REIs in
crystalline hosts, particularly in the low-density regime. Ion-implanted Er3+:YSO [24] and Gd3+:Al2O3 [25] have
been studied in electron spin resonance (ESR), while ion-implanted Ce3+:YAG [26, 27] and Pr3+:YAG [28] have been
studied in single-center confocal microscopy. In these works, increased linewidths were observed compared to bulk-
doped crystals, presumably as a result of unrepaired lattice damage resulting from ion implantation. In contrast,
localized Er3+ doping in LiNbO3 using solid diffusion has yielded bulk-like properties [29].
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Figure 1: (a) PLE spectrum at 11 K in a high-dose sample. Stars indicate lines belonging to Z1 → Y1 − Y4 transitions of
the same Er3+site, as determined by PL (see Figure 2). (b) Spectrum at 5 K of the Z1 − Y1 transition in a low-dose sample,
demonstrating the narrowest observed inhomogeneous linewidth of 460 MHz (FWHM). (c) Fluorescence lifetime measurements
under excitation at the wavelengths indicated by arrows in (a). The long (blue dots) lifetime is 5.25 ± 0.03 ms, while the
short (orange squares) lifetime is 2.51 ± 0.04 ms. The other starred peaks in (a) exhibit the same lifetime as the blue curve.
In this work, we study the properties of implanted Er3+ in single crystal rutile TiO2. Based on its elemental
composition, this host material is largely free of trace REI impurities and has a low abundance of nuclear spins (Ti:
87% I=0, O: 99.96% I=0), which could be reduced further using isotopically enriched Ti precursors. Bulk-doped
Er3+:TiO2 has previously been observed in electron spin resonance (ESR) in the context of maser development [30, 31].
Here, we use ESR and photoluminescence (PL) spectroscopy to demonstrate that implanted Er3+ ions in TiO2
have inhomogeneous spin and optical linewidths (20 MHz and 460 MHz, respectively) that are comparable to or
smaller than typical values for bulk-doped Er3+ in most host crystals [32]. The Er3+ ions that we observe occupy
substitutional Ti4+ sites with D2h symmetry, and we hypothesize that the narrow linewidths are a consequence of
the non-polar symmetry of this site. We determine the energy of the lowest few ground and excited state crystal field
levels. For the sample processing conditions that lead to the highest yield, we find that 40± 16 % of the implanted
Er3+ ions are situated in Ti4+ sites.
Samples of rutile TiO2 (MTI) with (001) orientation were implanted with erbium ions with a range of energies
up to 350 keV chosen to achieve a uniform Er3+ concentration in the first 100 nm of the crystal, and total fluences
of 9× 1011 cm−2 (hereafter, “low dose”) and 9× 1013 cm−2 (high dose). After implantation, some samples were
annealed in air at temperatures up to 1000oC (Table 2 and Ref. [33]). We look for evidence of implanted erbium
using photoluminescence excitation (PLE) spectroscopy in a helium cryostat, performed by scanning a chopped laser
and collecting delayed fluorescence onto a low-noise photodiode [14]. The resulting spectrum (Figure 1a) shows
several sharp absorption resonances near 1.5 µm, with the narrowest having a total linewidth of 460 MHz (Figure
1b). During the scan, we measure the fluorescence lifetime at each excitation wavelength (Figure 1c) and find that
the four starred peaks have the same lifetime (5.25±0.03 ms), while some of the smaller peaks have a shorter lifetime
(2.51± 0.04 ms).
In the site symmetries possible in the rutile space group P42/mnm, the ground (
4I15/2) and excited (
4I13/2)
electronic states of Er3+ split into 8 and 7 Kramers’ doublets labeled Z1−8 and Y1−7, respectively (Figure 2a).
Absorption lines arise from transitions from Z1 → Yn, while fluorescence occurs primarily from Y1 → Zn, regardless
of which Y level is excited, because of rapid nonradiative relaxation to Y1 [19, 34]. We conjecture that the four starred
peaks in Figure 1a correspond to transitions from Z1 → Y1 − Y4 in the same Er3+ site. To check this hypothesis,
we filter the fluorescence through a grating spectrometer to resolve the emission wavelength in a PL measurement
(Figure 2b) while exciting at each of these peaks. The emission spectra are qualitatively similar, with a principal
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Figure 2: (a) Level structure of Er3+:TiO2. Solid red lines indicate crystal field levels in the
4I15/2 and
4I13/2 manifolds
measured in this work (also listed in Table 1). Unobserved levels are depicted with dashed lines. Each line is a Kramers’
doublet, which splits into two sublevels when a magnetic field is applied. (b) Emission spectrum observed when exciting on
the Z1 → Y1 − Y4 transitions at the indicated wavelength λex. The linewidths are instrument-limited, with a wider slit width
for the 1498.40 nm measurement, since the fluorescence was very weak. (c) Emission spectrum with Z1 → Y1 excitation
at several temperatures, normalized to the Y1 → Z1 peak. The magenta, cyan, and yellow arrows indicate groupings of
lines corresponding to decay to Z1 − Z5 from Y1, Y2 and Y3, respectively. Lines without arrowheads are not observed. (d)
Temperature dependence of the PL intensity for different lines in (c). Dashed lines (cyan, yellow, corresponding to arrows of
the same color in (c)) are the expected PL intensities as a function of temperature assuming thermal equilibrium within the
Y manifold.
peak at 1520 nm and a series of smaller peaks at longer wavelengths, confirming this hypothesis. Furthermore, the
absence of any shorter-wavelength emission confirms that 1520 nm is the Z1 → Y1 transition.
The emission spectrum also allows several of the Z energy levels to be determined. These measurements are
performed at T = 11 K to increase the excitation efficiency by homogeneously broadening the optical transition, but
at these temperatures, several excited Y states are appreciably thermally populated and contribute extra lines to the
emission spectrum. These transitions can be separated using temperature-dependent PL spectroscopy (Figure 2c),
where lines with the same temperature dependence are interpreted to originate from the same Yi level (Figure 2d).
This allows us to assign energies to the first five ground states Z1 − Z5, and confirms the first three Y assignments
determined from Figure 1a. We additionally note that the PL line intensities show that the dominant decay pathways
for the first few excited states are Y1 to Z1, Y2 to Z2, and Y3 to Z3 and Z4.
Next, we probe the spin properties of the Z1 doublet using ESR in an X-band continuous wave (CW) spectrometer.
We identify the Er3+ peak through its characteristic high g-factor (gzz = 14.30 ± 0.42) and hyperfine spectrum
(167Er3+ with I = 7/2 and 23% abundance, Azz = 1503±11 MHz, Figure 3a). The magnetic moment varies strongly
with the magnetic field orientation, with its maximal value along the [001] direction (c-axis). The effective g-factor in
the [100] direction is 1.63±0.3, as determined from a fit to the orientation dependence (Figure 3b). We are unable to
directly measure the line in this orientation because it is very weak. We note that these g-factors are not consistent
with those previously reported for Er3+:TiO2 (gzz = 15.1, gxx, gyy < 0.1) [30], although the hyperfine constant is
similar to the previously reported value (A = 1484 MHz).
To probe whether the Er3+ site identified in ESR is the same as the one in the optical measurements above, we
illuminate the sample with light near the Z1 → Y1 line and observe the resulting change in the ESR signal. The
experimental apparatus for this measurement is depicted in Figure 3c. The ESR signal changes when the laser is
resonant with the Z1 → Y1 optical transition (Figure 3d) because some fraction of the Er3+ ions are transferred to
the Y1 state and are no longer resonant with the microwaves. This confirms that the optical and ESR measurements
probe the same Er3+ site. In a magnetic field, the Z1 → Y1 transition splits into four lines. Here, only two are
observed, presumably because the other two are weak or orthogonal to the light polarization direction. From the
splitting, we can extract the Y1 magnetic moment along the c-axis, g
e
zz: the spacing between the peaks corresponds
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Term Level Energy
THz nm (vac.) cm−1
4I15/2 Z1 0 - 0
Z2 1.06 - 35.3
Z3 3.61 - 120
Z4 5.10 - 170
Z5 8.05 - 268
Z6-Z8 not observed
4I13/2 Y1 197.1651 1520.515 6576.719
Y2 197.6204 1517.012 6591.905
Y3 198.2888 1511.898 6614.203
Y4 200.0745 1498.404 6673.767
Y5-Y7 not observed
Table 1: Energy levels for Er3+:TiO2. The uncertainty in the Y energies is 200 MHz, determined from a wavemeter calibrated
to an acetylene absorption cell. The uncertainty in the Z levels is ∼ 10 GHz, based on fits to the data in Figure 2b.
to a difference in g-factors |ggzz − gezz| = 2.105 ± 0.013, implying gezz = 12.19 ± 0.42 < ggzz, since the larger value is
bigger than the maximum possible value of 14.4 for 4I13/2.
Figure 3: (a) CW ESR spectrum with the magnetic field nearly parallel to the c-axis of the crystal. Arrows point to hyperfine
lines in the spectrum belonging to the 167Er3+ ions. (b) Angular variation of the effective g-factor of Er3+ in the ac- (red
crosses) and bc- (blue circles) planes. (c) Schematic of the optical-ESR setup. The sample sits in a CW ESR spectrometer, and
is illuminated by a laser delivered through an optical fiber. When the laser is resonant with the Z1 → Y1 optical transition,
we observe a change in the ESR signal from population shelving in the excited state. To increase sensitivity, we measure this
optical ESR response by chopping the excitation light and measuring the modulated ESR signal via lock-in detection. (d)
The optical ESR response is resonant at the same wavelength as the Z1-Y1 spectral line in Figure 1, indicating that the spin
and optical transitions arise from the same Er3+ site. (e) Unit cell of TiO2 (rutile). We propose that Er
3+ occupies a Ti site,
as shown in green.
The rotation dependence of g is essentially identical in the ac and bc crystallographic planes; however, we observe
that the single line splits into two lines when the field is rotated slightly into the ab plane. These observations
suggest that Er3+ is incorporated into a well-defined crystallographic site with two orientations differing by a 90
degree rotation around the c-axis, which is consistent with substitutional incorporation on the Ti4+ site with D2h
symmetry. This incorporation site has been suggested using similar measurement techniques for a range of transition
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# Total fluence Annealing conditions Implantation yield Data shown in Figure
1 9× 1013 cm−2 As implanted 2 ± 1 % 3a),b),4b)
2 ” 800oC, 2 hours in air 5 ± 2 % 4b)
3 ” 1000oC, 2 hours in air 11 ± 4 % 1a), 2b),c),3c),4b),d)
4 9× 1011 cm−2 As implanted 40 ± 16 %
5 ” 800oC, 2 hours in air 34 ± 14 %
6 ” 1000oC, 2 hours in air 40 ± 16 % 1b),4c)
Table 2: List of samples used in this work.
metal impurities in TiO2, including iron [35], manganese [36] and others [30]; in contrast, nickel incorporates in an
interstitial site and gives a qualitatively different ESR spectrum [37].
Lastly, we study the dependence of the ion properties on implantation and annealing conditions. First, the
implantation yield into the Ti4+ site (measured using quantitative ESR [33]) depends strongly on the implantation
dose (Figure 4a). Without post-implantation annealing, the yield for low-dose implantation is 40 ± 16 %, while for
high-dose implantation it is only 2 ± 1 %. After annealing in air for 2 h at 1000oC, the yield for the high-dose sample
increases to 11 ± 4 %, but is unchanged in the low-dose sample. The optical lineshapes also change with implantation
and annealing conditions. Figure 4b shows the PLE spectrum of the Z1 → Y1 transition in the high-dose sample as
a function of annealing temperature, demonstrating a significant reduction in the overall peak width and confirming
the change in yield measured with ESR. Figure 4c shows the PLE spectrum of the Z1 → Y1 transition in the low-dose
and high-dose samples after 1000oC annealing, demonstrating that the inhomogeneous linewidth is much smaller in
the low-dose sample (FWHM of central feature is 0.5 vs 1.6 GHz), and that the broad, long-wavelength tail observed
in all of the PLE features in the high-dose sample (Figure 4b) is absent in the low-dose sample. We note that the
linewidth observed in the optical-ESR spectrum in the high-dose sample (Figure 3d) does not show a long-wavelength
tail. This may result from probing only a subset of un-disturbed ions selected by the ESR transition.
Figure 4: (a) Implantation yield, measured using quantitative ESR, as a function of implantation and annealing conditions.
(b) PLE spectrum at T = 11 K of the Z1 → Y1 transition in the high-dose sample after different annealing conditions. (c)
PLE spectrum at T = 5 K of the Z1 → Y1 transition in the low-dose and high-dose samples after a 1000◦C anneal. The data
are scaled to have the same peak height to facilitate comparison of the linewidths.
We now turn to a discussion of these results. Several important properties follow from the symmetry of the D2h
incorporation site. First, the optical transition should be nearly purely magnetic dipole (MD) in nature, since the
inversion-symmetric crystal field cannot mix 4f and 5d states to introduce a forced electric dipole transition. The
observed excited state lifetime of 5.25 ms is consistent with the predicted MD decay rate of 5-6.7 ms [38], depending
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on the TiO2 refractive index for the polarization direction of the dipole (no = 2.45, ne = 2.70) [39]. Second, an
expected consequence of the non-polar nature of this site is that the wavefunctions should not have a permanent
electric dipole moment, eliminating first-order sensitivity of the optical transitions to electric fields. We hypothesize
that the observed narrow inhomogeneous linewidths are partially a consequence of this insensitivity, and that the
asymmetric inhomogeneous linewidths observed in the high-dose sample (Figure 4b,c) arise from a quadratic DC
Stark shift. In future work, it will be interesting to probe whether the lack of a permanent dipole moment leads to
long coherence of the optical transitions.
Previous studies of ion implantation in TiO2 using Rutherford backscattering have reported nearly unity substi-
tutional fractions of Sn and Hf implanted in TiO2 at fluences up to 3×1015 cm−2 without significant lattice damage,
and that significant lattice damage from implanting La (which does not substitute Ti4+) can be reversed by annealing
above 900oC [40]. The Er3+ properties that we measure under different implantation and annealing conditions are
consistent with a picture that lattice damage caused by ion implantation adversely affects the defect properties, and
the amount of damage is proportional to the implantation dose and can be reduced by post-implantation thermal
annealing. The dependence of the implantation yield on dose is similar to reported values for Ce3+ and Pr3+ in
YAG [27, 28].
An important question about the incorporation of trivalent Er3+ into the Ti4+ site is how charge compensation is
achieved. In many materials, including alkali halides and CaF2, local charge compensation in nearest or next-nearest
neighbor sites around aliovalent defects is observed through a lowering of the symmetry and increase in the number
of spectral lines [41], while in other materials, such as CaWO4 [42], SrTiO3 [43] and TiO2 [30], this effect is weak or
absent, and the charge compensation is believed to be long-range. Since our ESR spectra are consistent with a single
crystallographic site with two orientations, we conclude that the charge compensation is remote for Er3+:TiO2. Based
on a broad ESR scan, we believe our sample has non-negligible concentrations of several transition metal impurities,
and changes in their valence state may also play a role. We cannot rule out that a small minority of Er3+sites have
a local charge-compensating defect.
We conclude with a discussion of prospects for building quantum systems out of individually addressed Er3+ ions
in TiO2 using nanophotonic circuits [14, 9]. The apparent strong branching ratio of Y1 to Z1 is favorable for Purcell
enhancement of the emission, and we note that MD Purcell enhancement can be of a similar magnitude to the more
common electric dipole enhancement [14]. Furthermore, the low implantation dose used here is already quite high
from the perspective of single ion studies, corresponding to an areal density of 104 µm−2 and an average defect spacing
of 21 nm, suggesting that high implantation yield and narrow linewidths can be expected in the relevant density
range for single-ion work. The significant reduction in the concentration of nuclear magnetic moments compared to
typical Er3+ hosts like YSO and YAG may enable extended electronic spin coherence times and open the door to
manipulating individual nuclear spins [44], and further reduction of the nuclear magnetism may be accomplished by
CVD growth [45] of isotopically enriched layers.
We note that these results, together with recent work on implanted color centers in diamond [23, 22, 21], suggest
that good defect properties can be achieved using ion implantation and thermal annealing. In contrast to doping
during growth, ion implantation allows rapid exploration of many materials and defects. This approach may be
extended to search for other hosts for rare earth ions, as well as other optically active defects, which may be
attractive for a wide range of quantum technologies including computing, communications and sensing.
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1 Experimental Details
Rutile TiO2 samples were obtained from MTI (TOb101005S1) and implanted with doubly-ionized erbium (Innovion).
The implantation was performed in multiple steps (Table S1) to give a uniform density of implanted ions over a 100
nm depth, as calculated by Stopping-Range of Ions in Matter (SRIM) simulations [1].
Optical measurements were performed using an external cavity diode laser (Toptica CTL 1500) and erbium-doped
fiber amplifier (PriTel). In PL and PLE experiments, the signal was detected by a high-gain InGaAs photodiode
(Femto OE-200); mechanical chopping (Thorlabs MC2000B) of both the excitation and detection arms was essential
to minimize scattered excitation light at the detector. For the optical-ESR measurements the excitation light was
delivered via a multimode optical fiber. The sample and the fiber were both fixed to a piece of sapphire with GE
varnish to maintain consistent illumination.
Implantation Energy / keV Fluence (High Dose) / cm−2 Fluence (Low Dose) / cm−2
10 3.8× 1010 3.8× 1012
25 5× 1010 5× 1012
50 7.5× 1010 7.5× 1012
100 1× 1011 1× 1013
150 1.3× 1011 1.3× 1013
250 1.3× 1011 1.3× 1013
350 3.8× 1011 3.8× 1013
Total 9.0× 1011 9.0× 1013
Table S1: Implantation recipe for high and low dose sample
2 Annealing conditions
The samples were annealed in air in a tube furnace (Lindberg/Blue M). The annealing temperature was reached by
ramping the temperature at a rate of ≈ 5◦C/min, after which the temperature was kept constant during 2h, before
cooling down to room temperature. This annealing process resulted in no change in the color and transparency of
the samples, while annealing at the same temperatures in vacuum darkened the sample, consistent with literature
reports of Ti4+ reduction from the creation of oxygen vacancies [2]
∗jdthompson@princeton.edu
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Figure S1: a) Sample arrangement in the ESR tube. b) ESR spectrum at 8 K with both the test and control samples in the
cavity. Lines corresponding to Er3+:YSO and Er3+:TiO2 are labeled. The magnetic field is oriented along the c-axis of the
TiO2 sample. c) Integrated spectrum corresponding to the ESR spectrum displayed in b).
3 Implantation yield measurement
We estimate the number of Er3+ spins on the Ti4+ site using quantitative ESR measurements. We compare the
ESR response of Er3+:TiO2 with a control sample of Er
3+:YSO (10 ppm, single crystal). By measuring the control
and test samples simultaneously, we ensure that the temperature, cavity quality factor, and microwave power are
the same. For all measurements, we also checked that the ESR spectra were taken in the linear regime with respect
to microwave power and that the lines were not broadened by the magnetic field modulation. This allows us to
quantitatively relate the ESR signal to the number of spins [3].
The two samples are fixed to two different pieces of single-crystal quartz held in place by a piece of cotton (Figure
S1a)). We verified that the quartz and cotton pieces do not induce any perturbation signal at the magnetic fields used
for the measurements. The temperature was maintained at 8 K, which ensures that >99.9% of the Er3+ population
is in the lowest crystal field level, so thermal occupancy to the Z2 level is ignored.
The control sample and the orientation of the samples in the spectrometer was the same for all measurements.
The samples are oriented so that B0 points along the c-axis of the TiO2 sample and close to D1 axis of the YSO sam-
ple. This orientation makes the effective g-factors of Er3+ ions in TiO2 and in site 2 of YSO similar (gTiO2,|| ≈ 14.3
and gY SO,|| ≈ 15.1). B0 is slightly misaligned (<5◦ in the D1b plane) from D1 axis of Y2SiO5 in order to split the
two magnetically nonequivalent subsites in Y2SiO5 [4]. Figure S1b) shows an ESR spectrum where the signal from
both samples is visible. The two strongest lines correspond to the I = 0 Er3+ isotopes in site 2 in YSO. The other
four lines labeled with black arrows correspond to the |−1/2,−1/2〉 ↔ |1/2,−1/2〉 and |−1/2, 1/2〉 ↔ |1/2, 1/2〉
(|mS ,mI〉 states) transitions of 167Er3+ ions in the same site. The line labeled with a red arrow corresponds to the
I = 0 Er3+ isotopes present in TiO2. The oscillating magnetic field B1 in the cavity points along a direction close to
[100] for the TiO2 sample and close to D2 for the YSO, for which the effective g-factors are gTiO2,⊥ = 1.63 (+0.4/−0)
and gY SO,⊥ = 1.86 (+0.8/− 0.2) for the two samples, including the 5◦ misorientation.
The mass of the control sample was measured to be m = 1.2 mg using a 0.1 mg precision balance. The density
of YSO is d = 4.44 g.cm−3. The total concentration of Er3+ ions into the YSO piece is c = 1.85× 1017 cm−3. The
number of Er3+ ions with I = 0 present in each subsite in YSO is therefore :
nY SO,I=0 =
1
2
× 1
2
× (1− η)× c× m
d
(1)
with η = 0.23 the isotopic abundance of 167Er3+. The two 12 factors come from the fact that each site and each
subsite is equally populated in YSO [5].
2
Parameter Value Total error Uncorrelated error
Mass of Y2SiO5 1.2 mg 0.08 0
Er3+concentration in Y2SiO5 10 ppm 0 0
gTiO2,⊥ 1.63 0.20 0.20
gY SO,⊥ 1.86 0.20 0
AY SO,I=0 Variable 0.10 0.10
ATiO2,I=0 Variable 0.10 0.10
Er3+ implantation dose Variable 0.10 0
Sample area Variable 0.10 0.10
Conversion efficiency Variable 0.39 0.28
Table S2: Error estimations for the different parameters taken into account for conversion efficiency. Here, total error denotes
the fractional uncertainty in each parameter affecting the absolute accuracy of all the measurements, while uncorrelated error
denotes the fractional uncertainty contributing to relative errors between different samples.
The double integral of the Er3+ peak corresponding to the I = 0 isotopes of the measured sample (TiO2) was
compared to both of the Er3+ I = 0 isotopes peaks of the control sample (YSO). An example of an integrated
spectrum shown on Figure S1c). The area of the I = 0 peaks of the YSO and TiO2 samples are determined and
respectively called AY SO,I=0 and ATiO2,I=0. The number of spins in the TiO2 samples can be calculated using the
expression [6]:
nTiO2,I=0,measured =
ATiO2,I=0
AY SO,I=0
× ( gY SO,⊥
gTiO2,⊥
)2 × nY SO,I=0 (2)
The conversion efficiency is calculated as the ratio
nTiO2,I=0,measured
nTiO2,I=0,implanted
.
The number of implanted spins nTiO2,I=0,implanted is estimated using the implantation dose multiplied by the
surface of the sample and by the isotopic abundance (1− η). The conversion efficiencies for the different samples are
displayed in the table 2 in the main text.
The error sources in measuring conversion efficiency are listed in table S2. The same reference sample was used in
all cases, so uncertainty in the mass, Er3+ concentration and gTiO2,⊥ can be neglected when considering the relative
uncertainty between samples.
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